This paper reports an experimental analysis of the joint-sealing material of stone pavement subjected to a heavy load in an urban context. Joint sealing is needed to avoid water intrusion and to prevent pumping phenomena. According to a literature review, the sealing process improves the structural behavior, interlocking, and roughness. Paving stone irregularity affects safety in particular for bikes and motorbikes. The traditional use of cement slurries has short-term benefits due to their rigid and brittle behavior, while the use of asphalt sealants is often incompatible with the desired esthetic quality. A novel sealing technique was tested during the resurfacing of a historic stone pavement in the waterfront of the city of Cagliari (Italy). Laboratory four-point bending tests and finite element (FE) simulations were conducted on prismatic specimens obtained by connecting sealing material and granite samples. FastFWD on the newly sealed stone pavement validates the laboratory results and numerical simulations. The results demonstrate the benefits of the novel sealing technique: high bonding capacity, better distribution of stress, greater interlocking and minor relative displacements between stone elements. The load transfer efficiency (LTE) between blocks is increased from a mean of 84% for sand-cemented joints to 95.5% for the new resin joints, while the stress is 28% less.
Introduction
Different types of stone pavements are widespread in historic areas, and there are increasing amounts of new construction and requalification (Fig. 1) . Paving blocks can be made of a variety of materials to satisfy functional and esthetic quality standards [1] [2] [3] .
However, there is no theoretical method to analyze assembled discontinuous structures, such as block pavements [4] . Therefore, the finite element method (FEM) has potential to investigate the mechanical behavior. The structural and functional performance depends on the type of joint and the dynamic load amplification, which is triggered by roughness. Joint shape and thickness, sealing material and block patterns also affect overall pavement efficiency [5] [6] [7] [8] .
The joints of the historical stone pavement are typically not sealed; however, sealing materials have been applied in the past 50 years to increase the bearing capacity due to increased traffic. Joints are generally sealed with cementitious or bituminous mortars to prevent water intrusion and pumping and to improve interlocking [3, 9, 10] . Unsealed joints have significantly higher capacity than damaged sealants, and sealants are less effective when there are extreme joint openings [11] . The pavement roughness has a significant adverse impact on the bikers and motorbikes' stability. Also, the pedestrian accident due to unevenness in stone surfaces is well known and reported [12] [13] [14] [15] . The use of sand-cement mortar creates a rigid and fragile joint that quickly cracks and detaches [16] [17] . Bituminous materials have a better mechanical performance than cement mortar, but they are incompatible with the historical context and esthetic quality. Neither solution significantly affects the overall mechanical performance because they do not ensure significant load transfer efficiency between adjacent stone elements. Particularly relevant are the dynamic effects generated by moving loads on the irregularities of the stone elements and joints.
The stone pavement in the historic waterfront of the city of Cagliari is frequently subjected to maintenance to restore disconnections between stones due to joint weakness (Fig. 2) . The pavement is composed of blocks of granite squared in irregular prisms with maximum dimensions of 40 Â 80 Â 19 cm. The elements are set in a herringbone pattern with regular plots and characterize the valuable areas of many historic towns and villages in Italy. A granular foundation layer and cement treated base layer support the blocks and fill the underneath irregularity. Typically, the cement mortar sealed the spaces between the blocks. The overall mechanical behavior of the pavement is complex: highly rigid locally but flexible on a macroscopic scale.
The stone pavement technique, developed by the Romans, has improved since 1700. The high hardness of the stone was essential to resist the passage of metal wheels and to avoid the formation of trenches, while the inertia of the heavy elements guaranteed stability and planarity over time.
These pavements offer many benefits [1] : high esthetic value and compatibility with the historical context; better resistance to weather; limited phenomena of fatigue, rutting, potholes and cracks; and lower surface maintenance costs. However, there are also some disadvantages: higher costs and construction complexity; greater noise and vibration [18] ; less skid resistance; and vehicle passenger discomfort. Joint failure is the main weakness of the block pavement. Water intrusion reduces bearing capacity, interlocking and load transfer between adjacent elements, resulting in more frequent block movement and rotation [19] [20] [21] [22] .
Case study
The flagstone pavement of the Cagliari waterfront (Fig. 2, top left) was built in 1870, and it is currently protected as a monument and landscaped site. The street is one of the primary connections between the western and eastern parts of the metropolitan area, with 1800 vehicles/h in peak hours, 25% of which is heavy vehicles, mainly urban buses. The traffic creates frequent disconnections requiring maintenance activity. A critical event occurred in 2014. The fast passage of a bus dragged some of the heavy elements out of place (Fig. 3) , projected the bus upward and wounded several passengers. The technical survey points out the low efficiency of the joints relative to the dynamic loads induced by the transit loads and water intrusion. In this case, several effects contribute to instability: unbounded subgrade materials can change the bearing capacity, the dynamic load activates a water pore pressure transmitting the stress, and the pumping effect can remove sand support. The survey indicates rainwater intrusion, due to crack of the joint, as the main reason for pumping and disintegration of the sand-cemented underlying material. This layer loses the bound capacity and finally appears as unbounded granular materials.
All joints, filled with sand-cement, mortar featured widespread disconnections, fragile breakage, and erosion. Several flagstones oscillated when they were loaded asymmetrically, even with limited weights. An exploration trench and load plate tests were used to evaluate the thicknesses (Fig. 4) , the residual bearing capacity of the subgrade and subbase layers, the support material quality and, finally, to define the intervention plan.
Static load plate tests were performed on base layer after flagstone removal. The tests are widely used in Italy to determine the deformation modulus (Md), applying vertical stress, throw a circular plate of 30 cm diameter (d), and measuring the vertical displacement (d). Md denotes the slope of the secant of r v À d v curve by the formula:
where Md is the deformation modulus in MPa, d is circular plate diameter in mm, Dr is the change in stresses from 0.25 to 0.35 MPa, Dd is the change in a measured deflection in mm.
The dirty surface of the stone elements can affect adhesion of joint-sealing material. Thus, the flagstones are cleaned first removing mechanically cement-sand attached material and, just before the application, with highpressure jet water (Fig. 5) . A new technique to seal joints using epoxy resins was tested in the right lane (4.50 m width, 500 m length).
A proper bearing capacity value, with average Md of 102.4 MPa, was found during the survey. Therefore, attention was focused on the underlying material and sealing joints. The implemented technique involved the following steps: (1) catalog and displace the flagstones; (2) remove the cement-sand deteriorated layer; (3) add new sandcemented material and a metal mesh; (4) reposition the pre-existing flagstones, and (5) seal with the epoxy material (Fig. 5 ). Historical and Monumental Protection Authority supervised all phases of the pavement restoration.
Due to the irregularity of the stone elements, the joints are not perfectly prismatic but taper toward the surface, with a variable thickness from 10 mm to 40 mm. The bicomponent epoxy resin has a granular siliceous matrix with adequate mechanical and fatigue properties (Fig. 6 ).
Research methodology
The study aimed to evaluate the structural capacity of the joints and to estimate the improvements of the stress and strain fields. Eight prismatic specimens at the joint were subjected to repeated cycles of the four-point bending test (4PBT). The new pavement was tested with 42 deflectometric drops performed with the FastFWD at three stress levels to evaluate the ability of a deflection basin with a specific geophonic configuration to return the load transfer efficiency (LTE) between adjacent elements. Finally, a series of FE simulations of the 4PBTs and the 2D pavement section subjected to the FWD dynamic load were conducted (Fig. 7) . The specific research objectives have been: (a) to determine the LTE between flagstones; (b) to evaluate the influence of the thickness of the joint; (c) to analyze whether the underlying material deficiency affects the LTE; (d) to estimate whether the block irregularities and joint shape affect the LTE, and (e) to assess the overall behavior of the new pavement relative to the old pavement.
Four-point bending test in the laboratory
The origin of joint degradation is fatigue phenomena induced by the repetition of loads. Fatigue investigation was conducted via 4PBTs using prismatic specimens (137 Â 42 Â 42 mm) sawn from two adjacent pavement blocks glued together with epoxy resin. The 4PBT frame was designed to reproduce the beam pattern: two lateral supports and two forces applied symmetrically at L/3 beam length (39 mm). A Nottingham Asphalt Tester (NAT) was used for the fatigue analysis, and a load transfer system and Linear Variable Differential Transformer (LVDT) sensors were used to measure the stress and horizontal and vertical deformation. The NAT is designed for cylindrical specimens of diametrically loaded bituminous conglomerate; thus, to connect the frame to the testing machine, special pieces were manufactured to fit the actuator and reaction plate. Furthermore, a 4PBT rig permits to measure the vertical movement at the neutral axis of the specimen (Fig. 8) . The 4PBTs, set in strain control, allow measuring the deflection of the central part of the specimen at a specific strain level, and calculating r t and e t using the following equations:
where r t = tensile stress (Pa); P = load amplitude applied to the specimen, (N) = P/2 on each loading point; l = beam span (m); b = beam width (m); h = beam height (m); e t = applied tensile strain (m/m); d = beam deflection at the neutral axis (m); and m = Poisson's ratio. Based on these relationships, the modulus E for each cycle of the test was:
The equipment allows temperature's and frequency's adjustment and the actuator set the repetition rate of the load.
Fatigue tests were performed on five prismatic specimens with a nominal tensile stress of 1.67 MPa applied to the specimen. Granite flagstone samples were cut, sealed with resin, squared and rectified in the laboratory. The same process was not possible on joints sealed with sandcement mortar because the cutting and preparation operations destroyed the samples, demonstrating the low adhesive capacity and fragility of joints made with sandcement mortar.
The tests performed on the resin joint specimens showed 3 phases (Fig. 9) . After the first linear phase (<5000 cycles), the deflections progressed at a decreasing rate. Afterward, the curves evolved linearly up to 100,000 cycles.
An exponential trend was observed before collapse (approximately 112,000 cycles for all specimens). The specimens have a joint thickness ranging from 27 mm to 42 mm. The imposed stress produced a 0.28 mm maximum deflection, which was stable for the first 100 cycles for all specimens. Narrow joints exhibited smaller permanent deformation e up , which grew as a function of joint thickness and the number of cycles, reaching similar values in all cases at collapse. The number of cycles at collapse was the same for different joint thicknesses, while different behavior appeared starting in the first phase.
The broken surface occurred at the granite/mortar interface in all specimens, sometimes with a detachment of quartzite particles from the granite contact surface since quartzite is the weakest element of the two materials.
FWD tests in situ
The deflectometric survey was conducted by use of FastFWD (Dynatest FastFWD Model 8012). The test is conventionally performed on flexible, semi-rigid and rigid pavements and can be extended, with some caution, to segmented pavements [23, 24] . FastFWD is designed to be faster than the FWD, and it can impart a load pulse to the pavement surface to simulate the load produced by a moving vehicle. The load cell measured the load pulse with a resolution of 0.1 kPa, and 15 deflection sensors record the pavement response with a resolution of 0.1 lm.
The measurements showed an unconventional deflection basin with a narrow bending between 200 and 450 mm from the plate center. This measurement depends on the plate position relative to the joints. Deflections close to The post-processing software (Dynatest ELMOD 6) was used to back-calculate the pavement layer elastic modulus based on the impact load and surface deflection basin using Odemark-Boussinesq theory. The iterative method ''Deflection Basin Fit" provides the best combination of stiffness and thickness and minimizes the deflection deviation between the model and the detected data. This backcalculation method provides good correlations between the measured and predicted strains and stresses in the pavement structure and thus gives an accurate pavement response [25, 26] .
Direct tests estimated the elastic modulus of the subgrade the elastic modulus of the subgrade on undisturbed samples taken at different depths of up to 8 m. The mean value was 22 MPa. Fig. 10 shows the geophone configurations and the deflection basins. Forty-two FastFWD tests (one every 40 m) were performed.
The joint load transfer capacity was evaluated according to the ratio between the displacement of two nearby geophones near the loading plate. The LTE was used to express the ability of a joint to transmit the load from the slab to the adjacent unloaded slab [27] [28] [29] . Several formulae are used to evaluate LTE, but LTEd (deflection load transfer efficiency) remains the most common [30, 29, 31] .
The load plate configuration is variable concerning the plan pattern of the joints, as shown in Fig. 11 . 
Finite element analysis
The stress and deformation fields were investigated with two different FE models. First, the laboratory 4PBTs were simulated with a 3D model [31] . A second simulation was conducted to reproduce the behavior of a 2D section of the stone pavement (2.40 m width and 2.50 m depth). The two models, developed in an elastic field, were calibrated using the results obtained from the in situ and laboratory tests (Fig. 12) .
The prismatic specimen used for the 4PBT model had dimensions of 137 mm Â 42 mm Â 42 mm and was formed with three volumes, 2 simulating the two stone portions joined with a volume of the epoxy resin. The load points and constraints reproduced the geometry of the laboratory tests. Since the break surface observed in laboratory occurred at the interface between the epoxy resin and granite, the FE model incorporated a thin section to better approximate the contact surface. The 3D model used a SOLID 45 element consisting of 8 nodes, each with 6 degrees of freedom. The model was calibrated step by step by introducing the typical nominal values of the materials shown in Fig. 6 in the first phase. The objective was to reproduce the maximum deflection obtained in the laboratory at the 100th cycle in 4PBTs fatigue tests (284 lm). The calibrated model was used for parametric analyses by modifying the joint geometry. A PLANE42 element, consisting of 4 nodes, each with 3 degrees of freedom, was used in the 2D pavement model. The model was constrained with zero vertical displacements on the bedrock and zero horizontal movements in the lateral boundaries. The impulsive vertical load (100 kN, 30 ms) was applied to the central nodes to reproduce the FWD load configuration. The objective of the calibration was to minimize the variance between the simulated and FWD-measured basin deformation [32] [33] [34] [35] .
FE results
The 4PBT 3D FE simulations included different joint sizes (7-37 mm) and shapes (wide or narrow on the top, very wide or very narrow on the top, vertical sides). In the vertical and parallel joints, the simulated deflections grew linearly with thickness up to 26 mm and became exponential at higher values, as shown in Fig. 13 . The figure also shows the trend of the horizontal stress, which exhibited small changes as the joint thickness increased.
The joint efficiency remained stable (1.2% for the joint with resin and 2.0% for sand-cement mortar) when varying the subgrade stiffness between 50 and 120 MPa, whereas varying the thickness resulted in high differences. Tight and regular joints had the best values, while large and irregular joints had approximately 11.5% lower efficiency. Resin-sealed pavement showed better overall behavior with a more homogeneous distribution of the stress state. The equivalent stress reached maxima of approximately 1.17 MPa and 1.62 MPa in joints with the epoxy resin sealing and sand-cement mortar, respectively (Fig. 14) .
The LTE was also estimated through 2D FE pavement simulations. The loading plate was moved along the flagstone to obtain the LTE value for each position. When only one load cycle was applied, and the joint was sealed with resin, the average LTE was 95.1%, whereas the average was 88.5% for joints sealed with cement mortar. After 10,000 cycles (stress equivalent of approximately 85% of the tensile stress used in the laboratory for the prismatic specimens), the LTE for sand-cement mortar joints decreased significantly to 69.9%, while that of resin-sealed joints decreased to 93.5% (Fig. 15) .
The difference ($10%) between the LTE estimate from the FWD measurements (84.7%) and the FE result (95.1%) can be explained by the lack of elastic behavior of the real materials and the imperfect coupling between the flagstones and the support layer. Likewise, for a pavement sealed with cement mortar, the expected value of 63.4% was less than 10% of the value obtained by the FE simulation. The LTE decreased from 97.5% to 89.5% when the resin joint size was increased from 8 mm to 48 mm. Smaller variation, ranging from 97.7% to 90.7%, resulted in a poor subgrade (Figs. 16 and 17) . With sand-cement joint sealing, LTE ranged from 96.2% to 84.3% on a good 
Conclusion
Stone pavement joints composed of sand-cement mortar have low adhesive capacity and fragility. A new technique to seal stone pavement was assessed on a full-scale test section of the historic pavement on the waterfront of the city of Cagliari. Laboratory 4PBTs and FE simulations were also conducted to evaluate the structural capacity of the epoxy resin joints. The results demonstrated that the novel sealing joints could improve stone pavement performance. The following conclusions are drawn from the results of the tests and FE simulations:
In resin joints, the LTE decreases as the thickness increases. The 4PBT specimens with narrow joints exhibit smaller deflections; The number of cycles to fatigue failure remains constant as the thickness increases; The broken surface occurs at the interface between the granite stone and epoxy resin, sometimes with a detachment of granite quartzite particles; LTE is a complex parameter that depends mainly on the joint thickness. Large and irregular joints decrease LTE by approximately 12%; The subgrade bearing capacity has a relatively weak effect on joint efficiency;
The equivalent stress shows low variability as the thickness increases; The LTE estimated by FWD is 84.7%. The FE modeling of the first load cycle gives values of 95.1% and 88.5%, respectively, for resin-sealed joints and cement mortar. After 10,000 load cycles, the values decrease to 93.5% and 69.9%. The difference between the FWD measurements and FE modeling can be explained by the elasticity of the materials and perfect layer coupling; The better behavior of the resin-sealed joints is due to the more homogeneous distribution of the stress state.
Finally, the paper analysis is limited to stress and fatigue induced by transit load, not taking into account thermal stress and thermal cycling. Further research could investigate these aspects, which can affect long-term performance.
